ABSTRACT: Soil contamination by heavy metals is a challenge faced by many countries, and engineering technologies to solve this problem are expensive and can cause negative impacts on the environment. One way to minimise the levels of heavy metals in the soil is to use plants that can absorb and accumulate heavy metals into harvestable parts, a process called phytoextraction. Typical plant species used in research involving phytoextraction are heavy metal hyperaccumulators, but plants from this group are not good biomass producers and grow more slowly than most species; thus, they have an important role in helping scientists understand the mechanisms involved in accumulating high amounts of heavy metals without developing symptoms or dying. However, because of their slow growth, it is not practical to use these species for phytoextraction. An alternative approach is to use non-hyperaccumulator plants assisted by chelating agents, which may improve the ability of plants to accumulate more heavy metals than they would naturally. Chelating agents can be synthetic or organic acids, and the advantages and disadvantages of their use in improving the phytoextraction potential of non-hyperaccumulator plants are discussed in this article. We hope to draw attention to ways to improve the phytoextraction potential of non-hyperaccumulator plants that produce a large amount of biomass and to stimulate more research on phytoextraction-inducing substances.
Introduction
The contamination of the environment is a major global problem that has been widely reported, and different types of contaminants predominate in different parts of the world, with some causing more damage than others (Gratão et al., 2005; Garcia et al., 2006; Ghelfi et al., 2011; Monteiro et al., 2011; Gratão et al., 2012) . There is a wide range of pollutants, and it is unsurprising that due to their nature, specifically their chemical makeup, different strategies must be used to remediate a contaminated area. Remediation techniques, such as bioremediation and phytoremediation, were introduced several years ago and they have long been considered promising techniques, with specific approaches having received substantial analysis. Phytoremediation is now widely accepted and employed in some countries. Detailed review papers on remediation techniques are available (Dickinson et al., 2009; Dhankher et al., 2012; Zhu et al., 2012) ; thus, the goal of the present review is to specifically address the use of non-hyperaccumulator plant species for the phytoextraction of heavy metals from soil.
Phytoremediation
Heavy metal contamination of soils is an important environmental issue because of its impact on soil preservation and human health (Li et al., 2005) . In São Paulo State, Brazil, 4,131 contaminated sites have been identified, and 543 of them are contaminated with a variety of metals (CETESB, 2011) . Phytoremediation is an environmentally friendly and safe technique that employs the use of plants to recover/clean polluted soils, particularly those polluted with heavy metals or toxic organic compounds (Gratão et al., 2005) . Engineering techniques such as soil washing, burning, excavation and removal are used to remediate heavy-metal-contaminated soils, but the cost of these procedures is very high (Pilon-Smits, 2005) . For this reason, the development of low-cost, effective, and sustainable technologies to remediate heavy-metal-contaminated soils is very important and long overdue (LeDuc and Terry, 2005) , and it should receive considerably more attention.
The phytoremediation process can be divided into different classes (Pilon-Smits, 2005) : (i) phytostabilisation -the contaminant remains complexed in root tissues, thus being unable to move through the soil; (ii) phytostimulation/rhizodegradation -the contaminant, generally organic, is degraded by rhizosphere-specific microorganisms; (iii) phytovolatilisation -the contaminant (inorganic or organic), once absorbed, is physically changed to a gaseous state by the plant's metabolism; (iv) phytodegradation -similar to phytostimulation/ rhizodegradation but occurring in the aerial parts of the plant; (v) phytoextraction -the contaminant is absorbed, and high concentrations are transported to the aerial parts of the plant, making it possible to harvest the aboveground plant parts containing the contaminant (Figure 1) .
The transfer factor is used to measure how much metal moves from soil to plant tissues/organs (Sauerbeck, 1991) , and the translocation index measures how much of the metal taken up is transported to the aboveground plant parts (de Abreu et al., 2012) . These numerical factors are used to assess the phytoextraction potential of a plant species. The choice of the method employed and its application should take into account the type of contaminant, the type of environment and the amount of the contaminant that is available to the plant; another important aspect is the interaction between the plant and the soil microorganisms, such as bacteria and mycorrhizae. The benefits of these interactions have already been demonstrated (Andrade et al., 2009; Andrade et al., 2010; Khan and Doty, 2011; Luo et al., 2011) . The impact of heavy metal exposure on nodule formation and nitrogen fixation in leguminous plants is another important issue that requires more study, with little information available (Matsuda et al., 2002; Obbard and Jones, 2001; Reichman, 2007) . Information about Rhizobium behaviour under heavy metal stress is also important and might provide key information to improve phytoremediation if these symbioses can be established under stressful conditions.
Hyperaccumulator and non-hyperaccumulator plant species: advantages and disadvantages
The fundamental question is: What plant species should be used for phytoremediation? The answer appears to be those species that are able to accumulate higher amounts of heavy metals in the aboveground parts, which have been designated as hyperaccumulators; the classic example is Noccaea caerulescens (J. Presl & C. Presl) F. K. Mey (formerly Thlaspi caerulescens) (Prayon) (Monsant et al., 2011) , a Brassicaceae hyperaccumulator of zinc (Zn) (Baker et al., 1994) .
The factors that allow for the characterisation of a plant species as a hyperaccumulator species depend on the heavy metal being accumulated. According to Krämer (2010) , heavy metal concentrations in aerial parts varying from 1,000 to 10,000 mg kg -1 in plant shoots, depending on the metal, are typically a good indicator of a hyperaccumulator plant species. In the case of cadmium (Cd), the concentration is considerably lower (100 mg kg -1 ) (Krämer, 2010) because of the high toxicity of this metal. Another criterion, developed by Baker et al. (1994) , takes into consideration the element concentration ratio between aerial parts and roots, where a ratio above 1.0 indicates that the contaminant is mainly accumulated in aerial parts, which means it is a hyperaccumulator and might be suitable for phytoextraction. Nevertheless, whichever parameter is selected to classify a species as a hyperaccumulator, the focus is on the plant's ability to transport/translocate and accumulate large amounts of the metal into the aerial parts of the plant, making it possible to harvest and process the plant material.
Thus far, the majority of the plant species classified as hyperaccumulators fulfil the criteria described above. These species, however, produce little biomass and are slow-growing plants, which makes it unfeasible to use these species in phytoremediation. Nonetheless, these model organisms, which are able to accumulate extremely high concentrations of heavy metals, have been essential for studies focused on understanding the mechanisms that allow them to accumulate and tolerate phytotoxic concentrations of a wide range of heavy metals. Thus, these organisms can be used as a reference from which to develop strategies to genetically modify other plant species that have more favourable characteristics for phytoextraction, such as higher biomass production. For this reason, non-hyperaccumulator plant species should be studied for their phytoremediation potential to be understood, particularly crop plant species that have high biomass production (Peuke and Rennenberg, 2005) and are tolerant of other abiotic factors. Additional factors to consider include good growth performance in the field, little investment needed for pest management and the possibility of using mechanised harvesting methods for collecting aboveground plant parts.
Not only crop plant species should be considered, but non-hyperaccumulator woody plant species, such willow, poplar (Zacchini et al., 2009 ) and Brazilian leguminous trees (Mimosa caesalpiniaefolia, Erythrina speciosa and Schizolobium parahyba) (de Souza et al., 2012a) , should also be investigated. These woody species has been studied with special attention to their phytoremediation capability in the recovery of areas contaminated with lead (Pb) (de Souza et al., 2012a) . Such plant species possess an enormous plant biomass, and the accumulation of heavy metals taken up from the soil in such a large biomass would be significant and warrant the immobilisation of metal in the aboveground parts of the tree. Another important consideration for the application of synthetic chelates is that it may exceed heavy metal uptake by the plant, thus becoming a risk for increased toxicity for the plants (do Nascimento et al., 2006a) . Furthermore, beyond the application of the chelating agent, many other factors, such as temperature, soil pH and aeration, Eh condition, fertilisation, competition between plant species, the size of the plant and the structure of its root system, may influence metal availability in the environment (Yamamoto and Kozlowski, 1987) . Thus, absorption depends on the amount of metal in the soil as well as the element's binding strength in the soil and the plant's ability to regulate the uptake of the element (Smith, 2009) . Seth et al. (2011) demonstrated that the application of EDTA together with lead (Pb) increased the amount of Pb accumulated by more than 80 % in the aboveground parts of sunflower plants cultivated in hydroponic system. Kos et al. (2003) also demonstrated that EDTA application promoted the accumulation of Pb, Cd and Zn in several plant species from different families, including Cannabis sativa, Medicago sativa, Zea mays and Sorghum vulgare.
Despite the improvement in absorption from the application of chelating agents, the potential problem of contaminants leaching into uncontaminated areas remains, and further research is needed to understand the size and significance of these risks in each situation. Special attention should be paid to research on alternative methods to induce phytoextraction by non-hyperaccumulator plant species without introducing any extra risk or damage to the environment.
Organic chelating agents
In contrast to the use of high-cost synthetic chelating agents, an interesting alternative based on the same concept of induced phytoextraction is the use of natural organic chelating agents, also called low-molecularweight organic acids (LMWOA), such as citric acid, oxalic acid, malic acid and acetic acid. These molecules can form complexes of low to moderate stability with metals. Sun et al. (2006) reported citrate and acetate to be Cd ligands in the Cd-hyperaccumulator Solanum nigrum. Krämer et al. (2000) also found citrate to be a Ni ligand in the leaves of Thlaspi goesingense, and Sarret et al. (2002) found malate to be a Zn ligand in Thlaspi caerulescens, indicating the formation of complexes among organic acids and metals.
LMWOA present an advantage because of their high rate of biodegradation in the soil (do Nascimento et al., 2006a; Quartacci et al., 2005) , which means they do not cause the negative effects potentially caused by the application of the synthetic chelating compounds. In addition, the toxicity effect on plants, such as growth reduction, is not observed when citric acid is applied, in contrast to EDTA (Evangelou et al., 2006) . The excellent reports from do Nascimento et al. (2006a) and Freitas et al. (2009) showed the efficiency of the application of organic acids as phytoextraction assistants for a wide range of heavy metals, recomPlant species such as sunflower (Helianthus annuus L.), jack bean (Canavalia ensiformis L.), velvet bean (Stizolobium aterrimum L.), castor bean (Ricinus communis L.) and others have been extensively exploited for their heavy metal tolerance and phytoremediation potential (Adhikari and Kumar, 2012; de Andrade et al., 2005; de Andrade et al., 2008; de Souza et al., 2011; Giordani et al., 2005; Ullah et al., 2011) . Studies with these plant species have been carried out in hydroponic systems under greenhouse conditions to better understand the patterns of response, distribution and accumulation of heavy metals. As the plant's response to heavy metals may vary depending on the soil type due to differences in metal bioavailability with soil type (Melo et al., 2011) , any subsequent use of a species must be confirmed in an experimental system modelled after realworld conditions to test the plant's performance in an actual decontamination situation. In addition, the biotic and abiotic factors that can influence metal availability to the plant must be properly considered and addressed (Basta et al., 2005) .
Non-hyperaccumulator plant species can be used in phytoremediation (Andrade et al., 2010; de Souza et al., 2012b) ; despite the fact that these species do not accumulate high concentrations of metal, their biomass production overcomes by several orders of magnitude the capability of typical hyperaccumulator plant species. Therefore, the total metal extraction can be higher in non-hyperaccumulator than in hyperaccumulator plant species because of the relationship between metal accumulation in aerial parts and the growth potential of these species.
Improving the phytoextraction potential of nonhyperaccumulator plant species
In this section, we will discuss a technique that is able to improve the phytoextraction potential of nonhyperaccumulator plant species, which involves the application of chelating compounds in a process that has been named chelate-assisted phytoextraction or, simply, induced phytoextraction (Salt et al., 1998) . These processes can be divided into two groups depending on the chelating agent type: synthetic chelating agents or organic chelate agents, which are normally organic acids.
Synthetic chelating agents
Some synthetic chelating agents, such as ethylene diamine tetraacetic acid (EDTA), diethylene triamine pentaacetic acid (DTPA) and ethylene glycol tetraacetic acid (EGTA) have been used successfully for induced phytoextraction (Pereira et al., 2010) . However, the application of such synthetic chelating agents introduces an environmental risk due to their high mobility in the soil, which can result in the transport of the contaminant to uncontaminated surrounding areas; this movement can potentially become a problem due to the high solubility and persistence in the soil of the chelate-heavy metal complex (Luo et al., 2006; Quartacci et al., 2007) . mending the use of organic acids rather than the more toxic EDTA (do Nascimento, 2006b ). Additionally, acidity should be considered because the bioavailability of the metal is a key issue for phytoremediation techniques. Although acidity does not act as a chelating agent, Komárek et al. (2008) reported the potential of NH 4 Cl to be a hydrolysing acidic salt with a volatile cation constituent (ammonium).
It is essential to assess the heavy metal tolerance of crop plant species using treatments with compounds that are able to induce phytoextraction and that facilitate the uptake of heavy metals by non-hyperaccumulator plant species. The use of phytoextraction-stimulating substances for non-hyperaccumulator plant species is necessary because the patterns of heavy metal uptake and accumulation are different between hyperaccumulator and non-hyperaccumulator plant species (Figure 2 A and B) . It is also important for these organic chelating compounds to be applied close to the harvesting stage (Figure 2 B) because a key aspect of this approach is that organic acids are carbon sources for soil microorganisms; thus, their action time in the soil is relatively short but highly effective. Furthermore, Qin et al. (2004) reported that the use of LM-WOA favoured the desorption of Cu, Cd and Pb from the soil, making these metals more available to the plants.
The phytoextraction process occurs during the vegetative growth stage, during which biomass production and accumulation is more intense, thus favouring the absorption of the contaminant elements available in the soil. Thus, it is essential to maximise the contaminant transport from the root system to the aboveground parts of the plant for the phytoextraction process be more effective (Bhargava et al., 2012) . Induced phytoextraction has not been applied to the extent we believe it should have been. Additionally, studies can identify crops with multiple uses if the contaminants do not accumulate in edible parts of the plants. Following along with this approach, it is necessary to conduct an initial plant screening to evaluate the responses of the plants to several heavy metals with the goal of determining which heavy metals the crop plant species can tolerate and which heavy metals are more successfully taken up by the plant, bringing new insights to crop breeding. Once the plant's behaviour and patterns of heavy metal accumulation are determined, trials with different organic acids in different types of soils should be carried out to determine the best growth stage during which to apply organic chelating agents as well as the most appropriate amount of chelating agent to cause the highest accumulation of the desired heavy metal. In addition, each plant species should be considered in its natural habitat so that it can maintain their natural growth and developmental patterns.
Final considerations
Phytoremediation is a technique with a low cost of implementation and maintenance that is used commercially in countries such as the United States and Canada, but in Brazil, it is still not used and is currently restricted solely to laboratory and greenhouse trials. Therefore, it is necessary to draw attention to methods focused on improving the efficiency of non-hyperaccumulator plant species for use in the induced-phytoextraction process, which has tremendous potential and advantages. With greater diffusion of this technique, field trials and experiments can be carried out to examine the real potential for its use, and promising results for the remediation of heavy metals in contaminated areas may be obtained. (A) and a non-hyperaccumulator plant (B). In example (A), heavy metal accumulation is gradual and constant during the entire life cycle of the plant, whereas in example (B), heavy metal uptake is slow, but after chelate application, the heavy metal uptake increases rapidly. Figure adapted from Salt et al. (1998) .
